Objective: Postural instability and gait difficulties (PIGDs) represent debilitating disturbances in Parkinson's disease (PD). Past acetylcholinesterase positron emission tomography (PET) imaging studies implicate cholinergic changes as significant contributors to PIGD features. These studies were limited in quantification of striatal cholinergic synapse integrity. Vesicular acetylcholine transporter (VAChT) PET ligands are better suited for evaluation of high binding areas. We examined associations between regional VAChT expression and freezing of gait (FoG) and falls. Methods: Ninety-four PD subjects underwent clinical assessment and VAChT ([ 18 F]FEOBV) PET. Results: Thirty-five subjects (37.2%) reported a history of falls, and 15 (16%) had observed FoG. Univariate volume-ofinterest analyses demonstrated significantly reduced thalamic (p = 0.0016) VAChT expression in fallers compared to nonfallers. VAChT expression was significantly reduced in the striatum (p = 0.0012) and limbic archicortex (p = 0.004) in freezers compared to nonfreezers. Whole-brain voxel-based analyses of FEOBV PET complemented these findings and showed more granular changes associated with falling history, including the right visual thalamus (especially the right lateral geniculate nucleus [LGN]), right caudate nucleus, and bilateral prefrontal regions. Freezers had prominent VAChT expression reductions in the bilateral striatum, temporal, and mesiofrontal limbic regions. Interpretation: Our findings confirm and extend on previous PET findings of thalamic cholinergic deficits associated with falling history and now emphasize right visual thalamus complex changes, including the right LGN. FoG status is associated with reduced VAChT expression in striatal cholinergic interneurons and the limbic archicortex. These observations suggest different cholinergic systems changes underlying falls and FoG in PD.
Our previous AChE PET imaging studies were limited because of the ligand's inability to reliably estimate tracer hydrolysis rates in high binding areas, such as the striatum or cerebellum. 8 This limits identification of potentially relevant fall-or FoG-associated markers. 9 [
18 F]-FEOBV is a PET radioligand that selectively binds to the vesicular acetylcholine transporter (VAChT). 10 An advantage of [ 18 F]-FEOBV PET is that ligand binding in regions with high cholinergic terminal density can be more accurately estimated. 11 The objective of this study is a detailed in vivo examination of regional cerebral, including cortical and subcortical, VAChT expression in PD subjects with PIGD motor features. We hypothesized that distinct distributed patterns of subcortical and cortical cholinergic projection system changes are associated with FoG and falls in PD. Based on our previous AChE studies, we hypothesized a central role for thalamic involvement for falls and cortical changes underlying FoG.
Patients and Methods

Subjects and Clinical Test Battery
This study involved 94 subjects with PD (72 males; 22 females), mean age 67.9 AE 7.6 (standard deviation [SD] ; range, 51-93) years. PD subjects met the UK Parkinson's Disease Society Brain Bank clinical diagnostic criteria. 12 Subjects with evidence of large vessel stroke or other intracranial lesions on anatomic imaging were excluded. The International Parkinson and Movement Disorder Society revised UPDRS (MDS-UPDRS) motor examination was performed in the morning in the dopaminergic medication 'off ' state. Subjects completed the Montreal Cognitive Assessment (MOCA) with mean score of 26.2 AE 3.3 (range, . 13 Mean duration of disease was 6.0 AE 4.5 (range, years. The mean motor examination score on the MDS-UPDRS was 33.9 AE 13.8 (range, 2-74).
14 Thirty-one PD subjects were taking a combination of dopamine agonist and carbidopa-levodopa medications, 47 were using carbidopa-levodopa alone, 10 were taking dopamine agonists alone, and 6 were not receiving dopaminergic drugs. Mean levodopa equivalent dose (LED) was 655.5 AE 397.8 mg (range, 0.0-1,902.5). 15 No subjects were treated with anticholinergic or cholinesterase inhibitor drugs. Most subjects had moderate severity of disease: 6 sub- 
Fall and FoG Assessment
Participants were asked about a history of falling. A fall was defined as an unexpected event during which a person falls to the ground. The presence or absence of FoG was based on clinical examination and directly observed by the clinician examiner based on a nonzero score on item 3.11 "Freezing of Gait" of the MDS-UPDRS motor examination. 14 
Statistical Analysis
Standard pooled-variance t test or approximate t tests based on rank normalization were used for statistical group comparisons (SAS version 9.3; SAS institute Inc., Cary, NC).
Stepwise logistic regression was performed using fall or FoG status as the outcome parameter and VOI-based regional VAChT binding as PET regressors. Analyses were performed using SAS software (version 9.3; SAS institute). Statistical inferences were made on meeting two-tailed testing requirement for α < 0.05 and Holm-Bonferroni correction for multiple testing for all clinical group comparisons and brain PET VOI analyses.
To complement the VOI-based analyses, we performed two main exploratory whole-brain voxel-wise analyses to compare the total group of fallers versus nonfallers and total group of freezers versus nonfreezers, respectively. For this purpose, we designed a two-sample voxel-based t test to compare different groups. We thresholded statistical parametric maps at p = 0.0125 with a minimum cluster size of 50 voxels. We then identified clusters of significant voxels in anatomic subregions that were consistent with our hypotheses and/or concordant with regional cerebral results demonstrated by these VOI analyses. Statistically significant clusters, corrected for multiple comparisons using familywise error (FWE), were identified using the small volume (radius of VOI at 5 mm) voxel-based method as previously reported. 23 Finally, we performed post-hoc exploratory analyses to further evaluate any regional brain findings of these main voxel-based analyses by comparing subsets of patients of various combinations of fall and FoG status for more pure mechanistic analyses underlying fall and FoG status, respectively. Because some of the regional brain locomotor or motor control region may represent anatomically small structures (ie, clusters smaller than 50 voxels) we did not filter out the parametric images for a minimal cluster size. Significant clusters were also identified by the small volume FWE correction method. 23 
Results
Clinical Findings: Falls and Freezing Status
Thirty-five subjects (37.2%) reported a history of falls. Fallers had longer duration of disease, greater motor disease severity, higher Hoehn & Yahr scores, higher LED, higher frequency of reporting acting out of dreams, and worse cognitive performance than nonfallers; however, there were no significant differences in sex distribution or age (Table 1) .
FoG was present in 15 subjects (16.0%). Freezers were older, had longer duration of disease, higher mean Hoehn and Yahr score, more severe motor disease, higher LED, and worse cognitive performance than nonfreezers (Table 2 ). There were no significant differences in sex distribution or frequency of reporting acting out of dreams between groups.
Regional Cerebral FEOBV VOI PET Findings in Fallers
Univariate VOI analyses (corrected for multiple testing) demonstrated significantly reduced thalamic (p = 0.0016) VAChT expression in fallers compared to nonfallers (Table 3) . None of the other regions retained significance after correction for multiple testing. In a post-hoc analysis, we explored whether this finding was lateralized and entered the left and right thalamic VOIs in a backward step-wise logistic regression analysis yielding right thalamic VAChT binding as the single regressor meeting the model's entry criteria (Wald χ 2 = 9.1; p = 0.0025).
Regional Cerebral FEOBV VOI PET Findings in Freezers
Univariate VOI analysis showed reduced striatal and limbic archicortical VAChT binding in freezers compared to nonfreezers (Table 4 ). These two regions were entered in back- 
Voxel-Based Whole-Brain FEOBV PET Analyses
Whole-brain voxel-based analyses were performed to compared the total of 35 fallers to 59 nonfallers (analysis 1) and a total of 15 subjects with FoG compared to 79 nonfreezers (analysis 2).
Main Whole-Brain Voxel-Based Analysis 1: PD Fallers Versus Nonfallers (All Fallers) Significant FEOBV binding reductions (FWE-corrected p values ranging from 0.032 to 0.040) were found in the Sex distribution is presented as proportions. Levels of statistical differences between groups are also presented. FoG = freezing of gait; LED = levodopa equivalent dose; PD = Parkinson's disease; SD = standard deviation. total group of PD fallers (n = 35) versus nonfallers (n = 59) in the dorsomedial thalamus (right greater than left), right lateral geniculate nucleus (LGN), right pulvinar, right head of the caudate nucleus, prefrontal, right temporopolar, right mesiotemporal, right more than left insula, superior vermis, and bilateral superior cerebellar peduncle regions (Fig 1) . Additional FEOBV binding reductions were present in the anterior cingulate cortex. There were no areas of significantly increased FEOBV binding in fallers compared to nonfallers.
Main Whole-Brain Voxel-Based Analysis 2: PD Freezers Versus Nonfreezers (All Freezers) Whole-brain voxel-based analysis comparing freezers (n = 15) to nonfreezers (n = 79) demonstrated significant FEOBV binding reductions (FWE-corrected p values ranging from 0.034 to 0.041) in the left hippocampal region and bilateral prefrontal and bilateral anterior cinguli (Fig 2) . Additional reductions were observed in the striatum, including right more than left caudate and accumbens nuclei and putamina, bilateral limbic archicortex, bilateral gyri recti, right LGN, and right midcingulate cortex regions (Fig 2) .
Post-Hoc Exploratory Voxel-Based Analysis of Specific Subsets of Variable Combinations of Fall and FoG Status
Finally, we compared subsets of subjects with variable combination of falls and/or FoG status to allow a more "pure" mechanistic assessment of intrinsic fall and FoG phenomena. The first post-hoc analysis compared PD fallers without FoG (n = 24) versus PD nonfallers without FoG (n = 55) for more pure assessment of fall patterns. The second post-hoc analysis compared fallers with FoG (n = 11) to fallers without FoG (n = 24) to better capture the intrinsic pattern changes associated with pure freezing motor behaviors. We compared the number of PD fallers without FoG to PD nonfallers also without FoG to explore a more neurobiological pattern of intrinsic fall mechanisms. Significant (FWEcorrected p values ranging from 0.033 to 0.046) clusters included the right LGN, right caudate nucleus, right premotor cortex, right lateral temporal, right frontal eye field, right temporopolar cortex, right posterior cingulum, right proximal lingual gyrus, and bilateral prefrontal regions (Fig 3) . Additional reductions were observed in the right more than left sensorimotor cortices.
Post-Hoc Exploratory Voxel-Based Analysis 2: PD Fallers With FoG Versus PD Fallers Without FoG (Pure FoG)
We also compared fallers with FoG to fallers without FoG to better capture the intrinsic changes underlying freezing motor behaviors and found significant clusters of reduced VAChT binding (FWE-corrected p levels ranging from 0.034 to 0.046) in the left hippocampus, right temporal lobe, anterior cingulum, and cerebellum (Fig 4) . Additional reductions were observed in the bilateral basal ganglia, limbic archicortex, right LGN, and right insula. Finally, a post-hoc confounder analysis to determine any possible effect of LED medication effects on the regional cholinergic binding did not significantly change the main findings.
Discussion
Although falls and FoG are interconnected episodic phenomena, 1 our findings show that these represent partially distinct entities with probable differing pathophysiology. VOI-based analysis identified the thalamus and striatum as critical regions contributing to falls and FoG in PD, respectively. Thalamic cholinergic deficits, for example, are associated with impaired postural reflexes, whose underlying pathophysiology may differ from that leading to FoG. 24, 25 We found that history of falls is associated with cholinergic projection system changes in which the thalamus is likely a key node whereas FoG is associated with changes for which the caudate nucleus is likely a key node. 29 Another important point for interpreting our results is that whereas basal forebrain projections to neocortex were conceived historically as a diffuse projection system, recent data indicate that subpopulations of BF cholinergic neurons project to relatively restricted cortical regions. 30 The VOI and VB cortical [ Falling is a serious axial motor impairment in PD. There is converging evidence that cholinergic input from the PPN/LDTC to the thalamus may play an important role in the pathophysiology of falls in PD. 5, 7, 24, 25 Our present study, using a more specific PET cholinergic terminal ligand and a different population of subjects, confirms our previous AChE PET imaging findings that PD fallers have lower density of thalamic cholinergic nerve terminals compared to nonfallers. 5 This inference is consistent with a postmortem study that found evidence of lower PPN cholinergic neuron counts in PD subjects with falls during life compared to nonfallers. 24 Although the human thalamus also receives cholinergic inputs from the BF complex, these are sparser than PPN/LDTC afferents and it is likely that the considerable majority of thalamic terminals arise in the PPN/LDTC complex. 31 This is particularly true for visual thalamic nuclei such as the pulvinar and LGN, which contain only sparse BF terminals. 31 Although cholinergic thalamic afferents likely play a critical role in the pathophysiology of falls in PD, PPN/LTDC-thalamic cholinergic degeneration typically occurs in the setting of BF losses, 32 suggesting that extensive brain cholinergic projection system deficits are also implicated in falls in PD. Our post-hoc VOI analysis identified the right thalamus as the most significant hypocholinergic brain region associated with falls. A significant limitation of the VOIbased approach, however, is that anatomic resolution is limited to predefined VOIs and/or Freesurfer parcellation. This particularly limits the analysis of the thalamus, where no validated nuclear parcellation is available at the present time. Complex phenomena like falls and FoG likely reflect circuit-level alterations whereas the VOI-based analyses identify critical nodes; it may underestimate the extent of circuit level changes. To explore circuit level alterations, we supplemented the VOI analysis with a voxel-based analysis. The voxel-based analysis suggests a more specific role of the right visual thalamus, including the pulvinar and LGN, in the pathophysiology of falls in PD. Most models of vision treat the LGN as a passive relay station to the primary visual cortex. Accumulating data, however, indicate that the pulvinar and LGN are important nodes in corticothalamocortical circuits modulating attentional function and the coordination of cortical regions for attending to stimuli and tasks. 33 We can only speculate as to why we find asymmetric abnormalities in the visual thalamus (fallers) and caudate (freezers). The ventral attention network, which responds to unexpected stimuli and is highly integrated with the visual system, lateralizes to the nondominant hemisphere. 34 Hypothetically, lateralization of unique brain function(s) may require higher ipsilateral neural network or neuronal metabolic demands, which may, in turn, increase vulnerability to early degeneration.
These observations suggest that impaired processing of visual information relevant for safe ambulation may be compromised in PD fallers. It is conceivable that vulnerability of the right visual thalamus complex may be related to previous observations of a subtle left hemineglect in PD consisting of a directional (right hemifield) bias of initial visual exploration. 35 Relative deficiency of detecting salient environmental visual cues from the left hemifield may be a potential mechanism to explain increased fall risk with right LGN dysfunction. There is also evidence of perceptual asymmetry in perceptuomotor tasks without visual input. An upper body truncal rotation experiment showed evidence of contraction of left external hemispace relative to the right hemispace, possibly affecting generation and execution of motor commands through disease progression in PD.
36
The voxel-based analysis implicates other brain regions as important contributors to the etiology of falls, notably the frontal cortex. Reduced cortical cholinergic signaling likely results in decreased transfer of cortical sensory and movement cues to subcortical structures, such as the striatum, degrading sensorimotor integration. 37 Similarly, altered neocortical regulation of movement may underlie some forms of FoG. 38 FoG is a debilitating feature of PD that becomes more frequent with advancing disease. The magnitude of nigrostriatal dopaminergic denervation is an important pathophysiological element of FoG. 39 Our study confirms that the presence of FoG is related to longer duration of disease, more severe parkinsonian motor ratings, and higher LED levels. Striatal dopamine deficits, however, are likely not the only factor in FoG. First, our confounder covariate analysis did not show a significant covariate effect for LED. Second, the presence of FoG and its degree of responsiveness to dopaminergic medications correlates with exposure to anticholinergic drugs. 4 Freezing in PD may result from striatal dopamine loss and cortical cholinergic deafferentation, yielding striatal circuitry that lacks information about the efficacy of gait, posture, and movement and that is impaired in selecting and sequencing motor actions, resulting in slow and reluctant movements or fails to initiate movement altogether. 37 Past imaging studies found evidence of disruption of cortical function in FoG, including regions or networks involved in executive functions and sensorimotor perception in PD. 38, [40] [41] [42] For example, a resting-state fMRI brain connectivity study identified reduced connectivity in right cortical frontoparietal "executive-attention" and right occipitotemporal "visual" networks in PD with FOG suggesting a role of network connectivity disruption. 41 A diffusion tensor MRI study showed evidence of reduced connectivity between connectivity of the PPN with the cerebellum, thalamus, and multiple regions of the frontal cortex. 43 Moreover, these structural differences were observed solely in the right hemisphere of patients with FoG.
Our voxel-based analysis suggests specific roles of striatal cholinergic interneurons, especially of the right caudate nucleus, and limbic archicortical structures in FoG. Unlike the predominant motor connections of the putamen, the caudate nucleus is a node in more cognitive and affective circuits. 44 FoG is notably exacerbated by anxiety and often arises in situations where there are competing cognitive demands. These observations suggest that nonmotor (cognitive, affective, and emotional) functions of the caudate nucleus are relevant for FoG. Degeneration or dysfunction of caudate cholinergic interneurons may disrupt corticostriatal information flow underlying the integration of goal directed behavior and sensorimotor integration and is a plausible substrate for altered network behavior underlying FoG. 45 Dysfunctional limbic circuitry may underlie freezing of gait in PD. A recent resting-state brain MRI found abnormal connectivity between the right amygdala and striatum in freezers compared to nonfreezers. 46 Hippocampal abnormalities may point to altered spatial sensorimotor integration functions. FoG is notoriously associated with anxiety, and the amygdalar cholinergic abnormalities we detected suggest a concrete substrate for anxiety as a determinant of FoG in PD. 47 REM sleep without atonia may be a comorbid feature of patients with PD exhibiting FoG. 48 We previously reported reduced limbic, cortical, and brainstem-thalamic acetylcholinesterase hydrolysis rates in PD patients with REM sleep behavior, suggesting partially shared cholinergic pathophysiology of these two phenomena. 49 We did not find a significant difference in the frequency of dream enactment behaviors in the freezers versus nonfreezers. Our sample size, however, was small. We found an unexpected significant difference in reporting of dream enactment behavior in the fallers compared to the nonfallers. Given that isolated falls typically precede freezing motor behaviors during the natural course of the disease in PD, 50 it is possible that brainstem-thalamic cholinergic changes may be a greater determinant of this parasomnia than more anterior striatal or limbic changes. Further research is needed to explore this hypothesis. A limitation of our study is that assessment of FoG was not based on special maneuver to identify specific subtypes of freezing motor behaviors, like making turns or passing through narrow doorways. The absence of a specific provocative FoG assessment protocol may also explain the relatively low frequency of freezing behaviors in our study sample. Consequently, this may result in a relative underestimation of effect size estimates of our study. However, our assessment protocol of direct observation of freezing behavior will result in a very high specificity of FoG classification.
In this study, we found that differential degeneration of cholinergic projections play distinct roles in postural and gait disturbances of PD. Our VOI analysis findings independently confirm previous observations that impaired integrity of thalamic cholinergic nerve terminals contributes to the pathophysiology of falls in PD. Our voxelbased analysis suggests that visual thalamus, in particular the right LGN, is a key node in disturbed circuit function underlying falls. FoG may be the result of striatal cholinergic interneurons and limbic cholinergic nerve terminals, with the right caudate nucleus as a key node in disturbed control of gait.
